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Lasers made from biological materials have the potential to 
produce new coherent light sources, flexible and compatible 
for living tissue integration. Biocompatible lasers are attracting 
attention for their potential to harness the amplifying power of 
stimulated emission for biosensing and cell tracking.[1] So far 
all-biological lasers have been devised using conventional lasing 
schemes, such as spherical microresonators,[2] microcavities,[3] 
and recently even implanted into live cells.[4,5] While high-Q cav-
ities favor lasing, their precise geometry limits the applications 
for dynamic systems like living tissues. Instead, random lasing 
is emerging as a simple, robust, and easy to integrate, source 
of stimulated radiation, relying on disorder and multiple scat-
tering to fold the optical paths inside the gain medium to trigger 
lasing.[6,7] Random lasing can be obtained in a variety of media, 
including organic materials such as cellulose,[8,9] and biological 
tissues.[10,11] Moreover, it is not influenced by the material’s 
overall shape but instead it relies on its internal heterogeneity, 
therefore it can easily adapt to biological media with the ability 
to withstand stretching, wetness, and heat: its form is naturally 
biocompatible. A biocompatible device also requires the compat-
ible chemistry of its constituents. Among many biopolymers, 
silk is emerging as a very versatile protein, biocompatible and 
biodegradable with outstanding mechanical properties,[12,13] that 
allows the fabrication of a variety of silk-based biomaterials.[14,15] 
Silk is especially suitable for photonic devices;[16,17] for instance, 
a conventional lasing architecture in silk has been reported, 
restricted to a glass substrate structured with a grating.[18,19]
Here, we demonstrate a biocompatible random laser made 
entirely of doped silk, functional in aqueous media, showing 
clear threshold behavior and spectral narrowing. Further-
more, this device is capable of probing changes in a chemical 
environment, namely, pH, due to the intrinsic nonlinear 
response and the large spectral purity.
The key ingredients to achieve random lasing are optical 
gain and a scattering medium. Bulk silk fibroin from 
Bombyx Mori silkworm is transparent; however, when nano-
structured with pores with size comparable with the wavelength 
of light (≈100–1000 nm), the resulting inverted photonic glass 
efficiently scatters the incident light. We define the photonic 
glass to be direct if it is an assembly of silk sphere in air and 
inverted if it is composed of spherical voids in the silk matrix, 
i.e., the inverted structure. The fabrication protocol is shown 
in Figure 1a that describes the multiscale integration of the 
various components: dye molecules (sodium fluorescein or 
rhodamine 6G) are inserted in silk fibroin to be assembled 
and nanostructured into an inverse photonic glass and subse-
quently into a macroscopic random lasing device.
Photonic glasses are fabricated by destabilizing a colloidal solu-
tion to induce flocculation, which is usually achieved by adding 
a salt or an acid.[20] This step ensures a random packing of the 
spheres and avoids the formation of an opal structure.[21] Here 
instead, polystyrene spheres and silk are mixed together directly, 
as silk naturally destabilizes the colloidal solution. A photo nic 
glass is grown directly by deposition, without the need for tem-
plating and infiltration which has been the fabrication route for 
3D silk inverse opals.[16] The sample is dried in an oven and the 
silk is crystallized by exposing to water vapor. The polystyrene 
spheres are finally selectively removed by chemical etching in 
toluene, as shown in Figure 1b (see the Experimental Section).
Gain molecules, rhodamine and fluorescein laser dyes, are 
added to the solution of silk prior to casting. Fluorescein is bio-
compatible and extensively used for diagnostic purposes.[22] The 
dye molecules are encapsulated in the silk during the drying 
process, through hydrophobic interactions established with 
the protein. The result is a disordered silk matrix with con-
nected spherical air voids (inset Figure 1c), which can be made 
free-standing (see the Experimental Section).
The silk scaffolding is expected to provide thermal dissipa-
tion and decrease intermolecular quenching, similar to that 
reported for DNA matrices.[23] This allows growing active and 
free-standing inverted photonic glasses made entirely of doped 
silk. In addition, the porous open architecture of the inverse 
photonic glass is ideal to entrain various biological and/or 
chemical dopants.
The silk inverted photonic glass is a strongly scattering 
medium, as characterized in Figure 2. The measured transport 
mean free path (lt) is in the range lt ≈ 3–7 μm (blue line), with 
minor resonant modulations due to collective Mie scattering 
resonances, which can be engineered either by changing the 
diameter of the air voids or their refractive index. As a refer-
ence a direct photonic glass made of polystyrene spheres alone 
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(red line in Figure 2) is also shown, presenting stronger scat-
tering resonances and lower lt values. These values have been 
obtained by recording the total light transmission through the 
undoped nanostructured silk of different thickness as a function 
of the light wavelength and by fitting the results with the optical 
Ohm’s law (see the Experimental Section).[20] The thickness of 
the inverse silk photonic glass has been measured via  scanning 
electron microscopy images, with an error smaller than 
10% (statistical from repeated measurements). Instead, the 
thickness of the direct photonic glass has been estimated from 
the total volumes of sphere used, and has therefore a large sys-
tematic error as part of the sphere is lost deposited on the con-
tainer; here the curve of mean free path for the direct photo nic 
glass is underestimated and serves only as a comparison. 
Adv. Optical Mater. 2016, 4, 998–1003
www.MaterialsViews.com
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Figure 1. a) Material multiscale integration from the nanoscale to the macroscale. b) Sketch of the direct and inverse structure. c) A scanning electron 
microscopy image of the final structure and zoomed (pseudo-color) image in the inset, highlighting the air voids and the silk structure.
Figure 2. a) Measurements of the light transport mean free path for direct, polymer sphere in air (red) and inverse, air sphere in silk photonic glass 
(blue). b) Theoretical transport mean free path calculated for both direct and inverse geometries. Dashed lines: (red) polystyrene spheres with diameter 
d = 1280 nm and refractive index nps = 1.6 at filling fraction f = 0.5 and (blue) the inverse structure composed of air voids in silk, nsilk = 1.6. The solid 
lines are the same curves once the effect of the spheres size polydispersity (≈2%) is taken into account.
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These experiments are compared to theoretical calculations in 
Figure 2b, via Mie theory and independent scattering approxi-
mation, including also the particle polydispersity (see the 
Experimental Section). As expected, while a polymer sphere in 
air is a good Mie resonator that efficiently traps the optical field 
owing to its high refractive index, an air void in a silk matrix 
induces smaller scattering resonances. Although a qualitative 
agreement between theory and experiment is evident, the shift 
in the resonances and intensity discrepancy are attributed to 
the limited validity of the independent scattering approximation 
for a closed-packed system such as the one investigated here.[6] 
The measured values of lt in the silk inverted photonic glass 
give a dimensionless parameter klt ≈ 40–60 (where k is the light 
wavevector), which indicates that silk inverted photonic glasses 
are strongly scattering biomaterials adequately described by 
diffusive models.
The dye-doped inverse silk photonic glass can act as a very 
efficient random lasing system, as proven in Figure 3. The 
crossover from fluorescent to lasing emission can be observed 
by recording the emission spectrum while increasing the 
exciting laser power. A sudden increase in the emitted light 
intensity is observed when the pump power reaches a crit-
ical value, i.e., the lasing threshold. The threshold occurs at 
38 mJ cm−2 of pump energy for fluorescein and 7 mJ cm−2 
for rhodamine, which compares favorably to similar systems 
in other material hosts, albeit not biocompatible.[24,25] The 
higher threshold of fluorescein is due to the lower absorption 
cross section at the pumping wavelength. After the threshold, 
stimulated emission becomes the dominant emission process 
and random lasing action occurs. In Figure 3a,c, the change 
of emission regime is marked by both a spectral narrowing 
(green full circles) and an increase of emission at the lasing 
wavelength (blue empty circles). The spectral linewidth is evalu-
ated below threshold, at 27 mJ cm−2, and above threshold, at 
100 mJ cm−2, for sodium fluorescein doped inverse photonic 
glass (Figure 3b) and for the rhodamine doped inverse photonic 
glass, below threshold at 4 mJ cm−2, and well into the lasing 
regime at 160 mJ cm−2. A small frequency shift of the emis-
sion upon increasing pumping energy is observed, from 559 to 
552 nm for fluorescein, and from 578 to 589 nm for rhodamine, 
typical for random lasing, as the lasing frequency depends 
on the interplay of scattering and net gain.[25,26] The emission 
spectra are smooth curves as one would expect for diffusive 
or incoherent random lasing with non-resonant feedback.[6,7]  
The data can be modeled appropriately with a diffusive random 
lasing theory,[27] as we discuss in the Supporting Information.
When the random laser is operated in an aqueous environ-
ment such as a biological media, the scattering strength is 
Adv. Optical Mater. 2016, 4, 998–1003
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Figure 3. a,c) Typical lasing plot for silk doped with sodium fluorescein and rhodamine 6G, respectively. Laser peak intensity as a function of pump power 
(empty blue circles) and evolution of emission linewidth with pump power (full green circles). The yellow and red rectangle illustrate the lasing region 
above threshold (P = 38 mJ cm−2 for fluorescein and for P = 7 mJ cm−2 for rhodamine). b,d) Comparison of spectra above threshold and in fluorescence.
1001wileyonlinelibrary.com
C
o
m
m
u
n
iC
a
tio
n
© 2016 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
reduced as compared to air-operation because of the decrease 
index of refraction contrast. An increase by a factor of 3–4 in lt  
is predicted theoretically (Figure S2a, Supporting Information) 
leading to an increase of threshold by 30% (Figure S2b, Sup-
porting Information). Nevertheless, random lasing action can 
still be achieved experimentally, albeit with a slightly larger 
threshold (≈50% increase) as shown in Figure 4. In fact the 
smaller light confinement is partially compensated by a larger 
diffusive volume explored by the emitted light, therefore lasing 
operation is still achieved with low thresholds.
A biocompatible silk random laser is an ideal candidate for 
future generation biological sensing. Random lasing sensing 
applications have been explored already, but limited as they 
rely on detectable change in scattering strength which modi-
fies the lasing properties, as shown for cancerous tissue,[11] and 
polymer dispersed liquid crystals.[28] Instead, a more flexible 
and powerful sensing scheme would rely on a change in the 
gain molecule itself. We propose here a silk-based biolaser as a 
standalone device compatible with integration in living tissue.
In Figure 5 we show a proof-of-principle laser capable of 
sensing pH, across a broad range of NaOH concentrations, in 
an aqueous environment. At increasing pH the lasing proper-
ties of rhodamine are degraded, showing a nonlinear transition 
of the spectral properties at around pH ≈11, from 15–20 nm 
full width at half maximum (FWHM) at pH 7 to ≈55 nm 
FWHM at pH ≈13. We attribute this effect to a change in the 
gain medium, as induced by deprotonation of the dye mol-
ecule, and not to a structural or refractive index modification. 
Total transmission experiments at high pH indicate only a 
7% decrease of the scattering strength as compared to pH 7, 
which alone would induce a threshold change of only a few 
percent. Scanning electron microscopy images confirm that the 
porous structure shown in Figure 1c is not visibly altered by the 
increasing pH. Moreover, the lasing switching off by increasing 
pH is reversible: when the sample is irrigated with deionized 
water for 1 h, the lasing action is recovered.
The silk-based inverted photonic glass geometry as described 
here is promising for sensing applications as it is a porous 
random laser, largely insensitive to external shape, potentially 
as small as the ≈10 × 10 μm2 (10 μm is the calculated critical 
length, ( /3)cr g tL  pi= , see the Experimental Section) and 
more importantly very flexible to host different dyes with 
sensing capabilities encapsulated in the silk matrix. In vivo 
application will require sensitivity in the physiological pH 
range 7–9 and further cytotoxicity tests, what provided here is 
a proof-of-principle demonstration which illustrates a possible 
path for further refinement.
In conclusion, we have presented a novel biocompatible 
random lasing device made entirely of doped silk, obtained 
by solely using self-assembly techniques, with potential for 
sensitive sensing. Surprisingly, the complexity of the disor-
dered medium leads to a great simplicity of the overall device. 
Moreover, the random lasing device is compatible with aqueous 
environments and living tissues due to its disordered structure 
and its biocompatible constituents. We believe that random 
lasing devices made of silk could eventually be integrated in 
biological tissues or on-skin for bioengineering applications 
with the potential to provide a new tool to image and sense 
biological properties inside human body. A silk random lasing 
biosensor is made from all-natural materials and is processed 
with water and toluene at room temperature. Therefore, it is 
an environmentally friendly product, cheap, and easily mass-
produced, that has the potential to be at the basis of future 
silk-biophotonic applications in technology and medicine.
Experimental Section
Silk Fibroin Solution Preparation: Silk fibroin solution was prepared 
as previously described.[14] In brief, B. Mori silkworm cocoons were 
boiled for 30 min in a solution of 0.02 m Na2CO3 to remove sericin. The 
extracted fibroin fibers were rinsed in deionized water, set to dry for 24 h, 
and then dissolved in a 9.3 m LiBr aqueous solution at 60 °C for 3 h. 
The solution was dialyzed against deionized water using dialysis 
cassettes (Slide-a-Lyzer, Pierce, MWCO 3.5 kDa) at room temperature 
for 2 d. The obtained fibroin solution (≈70 mg mL−1) was purified using 
Adv. Optical Mater. 2016, 4, 998–1003
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Figure 4. Lasing action for rhodamine-doped silk random laser in air 
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centrifugation and filtered through a 5 μm syringe filter to remove 
processing debris.
Inverse Photonic Glass Fabrication: The dyes, rhodamine 6G and 
sodium fluorescein were dissolved in deionized water and sequentially 
added to a solution of silk in water (3–7%wt), such that the dry ratio is 
99.5%wt of silk and 0.5%wt of dye. Therefore, the final amount of dye 
in the samples discussed is <0.3 mg, which corresponds to ≈10 ng for 
a 100 × 100 × 100 μm3 sample; less than 0.1 mg mL−1 is considered a 
nontoxic amount of fluorescein. The growth method employed is similar 
to that reported for photonic glass.[5] Here, a mixed direct photonic 
glass of polystyrene spheres and silk was first grown, and then the 
inverse photonic glass structure was obtained by removing the sphere 
via selective chemical etching in toluene. A colloidal solution of aqueous 
doped silk and polystyrene spheres (1.28 μm diameter) of 10%wt, was 
casted inside a cylindrical mold of 1 cm diameter, made of Teflon and 
left to dry in the oven at 45 °C for 24 h. The spheres arrange in a solid 
packing, with a final filling fraction of ≈45%–55% estimated by volume 
measurements via electron microscopy. Once dry, the sample was 
chemically etched in a 99% toluene solution for 72 h, which dissolves 
the polystyrene spheres while leaving the silk unaffected, a small fraction 
of the dye was released to the toluene solution during the etching, while 
dye leaching was much reduced after this process. In addition, the silk 
nanostructured material can be made free-standing with no loss of 
functionalities, by simply growing the material over a polystyrene film 
cast on the glass substrate, film which was then dissolved during the 
same sphere etching process. Silk was crystallized by exposing it to 
water vapor for 12 h in a vacuum desiccator.[29]
Scattering Measurement: The scattering properties of the material were 
assessed by total transmission measurements via an integrating sphere 
fiber coupled to a spectrometer which records the light transmitted by 
the sample at all directions, as a function of light frequency, as previously 
described in ref. [20]. The total transmission at each wavelength follows 
the photonic Ohm’s law, that is 
T L
z
z z z
L z
e
, 1
sinh sinh
sinh 2e
p e
e
λ
α
α α
α
( )( ) ( )( )=
+ 
+   (1)
where α is the reciprocal of the absorption length, L is the sample 
thickness, zp is the penetration length (here taken to be equal to ze), and 
ze is the extrapolation length, which is given by where R is the averaged 
reflectivity (R = 0.39 assuming a filling fraction of ≈50%).[30] A fit to 
Equation (1), for different sample thickness, gives the transport mean 
free path in the sample and the absorption length.
Scattering Calculations: Calculations of the transport mean free path 
in the inverted photonic glass were obtained by Mie solution of the 
Maxwell equations.[31] First, the frequency-dependent scattering cross 
section σ was calculated and then the transport mean free path was 
obtained by considering the angular scattering pattern via 
z z
z
z R
R
1
2
ln 1
1
, 2
3
1
1e
0
0
0 tα
α
α
=
+
−



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1
1 cost
 ρσ θ( )= −  (3)
where ρ is the scatterers density, and θ the scattering angle. 
The theoretical model is limited by the independent scattering 
approximation as it describes the scatterers as if they were embedded 
in a homogenous medium. Furthermore, it neglects any recurrent 
scattering events, which is justified as klt ≈ 40–60 is much larger than 
unity. The spheres size polydispersity is taken into account by means 
of a convolution with a gaussian distribution with a 2% standard 
deviation. The time photons are trapped inside the sample, which is the 
Thouless time given by τ = (1/8)(L2/D) (for a slab of thickness L and 
diffusion constant D), and is of the order of 10 ps while the excitation 
pulses are 6 ns long. The critical length required to fulfill the condition 
of gain larger than losses can be calculated to be  ( / 3)cr g tL pi=  
which is ≈10 μm, therefore a medium as small as ≈10 × 10 μm2 would 
be enough to achieve lasing.
Random Lasing Measurement: The samples were pumped with single 
pulses of the second harmonic of an Nd:YAG Q-switched pulsed laser, at 
532 nm wavelength, 10 Hz repetition rate, and 6 ns pulse duration. The 
pump diameter is ≈2 mm. The detection software registers pulse power 
and sample emission spectra in backscattering for each pulse. The large 
energy range of 5–6 orders of magnitude is achieved by a combination 
of neutral density filters for the coarse control and a half-waveplate 
and a polarizer for the fine control. From the spectral evolution of 
the emission one can extract the relevant lasing parameters such as the 
lasing threshold. The threshold of the random lasing is defined as the 
power for which the spectral width reduces to half than its low-pump 
power value. Threshold is often identified with the intercept of a linear fit 
to the above-threshold part of the peak power versus pump power. The 
definition overestimates the thresholds but is simpler and more robust 
against measurement noise. The compound proves to be stable over 
many excitation cycles and no significant difference is observed in the 
results besides a small dye bleaching (1/e decay after ≈2400 or ≈13 600 
lasing cycles for fluorescein and rhodamine, respectively). In addition, 
the device is capable of lasing even after being stored for one year.
Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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